Sand fiddler crab males, Uca pugilator (Brachyura: Ocypodidae), use their single enlarged claw as a weapon in fights for burrows and as a signal to attract females to burrows. Seventy-three males from a South Carolina marsh were in reared in the laboratory to determine if body size at the time of claw loss affects the morphology of the claw that subsequently regenerates. Thirty-six males were induced to autotomize claws and regenerated new ones. Thirty-seven males retained original claws. Across four molts, males regenerating claws gained more in claw length but less in body width and overall mass than males retaining original claws. The first molt accounted for these differences as males regenerating claws gained relatively little in body size but added much in claw length. Regenerated claws were more slender, having smaller dimensions of the manus relative to claw length. As the manus houses the claw closer muscle, regenerated claws are expected to be less powerful and appear more designed for signaling. Both regenerated and original claws became more slender with increasing length, suggesting that across a lifetime pressures arising from combat are reduced relative to those arising from mate attraction. Among regenerated claws, the height of the manus relative to claw length and the development of teeth and tubercles that facilitate pinching were greater when original claws were lost at smaller body sizes. Consequently, distinguishing original from regenerated claws can be difficult. An index, the score of tooth and tubercle development times the manus length divided by the product of carapace width and pollex length, discriminated claw types among reared crabs as well as sophisticated statistical techniques. Use of the index suggests that the frequency of regenerated claws increases with population density among neighboring natural populations. The relative size of regenerated claws was greater among males that had relatively large original claws prior to autotomy, suggesting that males may continue to signal their quality by regenerating a new claw that is relatively long.
INTRODUCTION
Male fiddler crabs (Uca: Ocypodidae) possess a single enlarged claw that functions as an ornament in signaling and as a weapon in ritualized contests (Crane, 1975) . The claw develops on the opposite body side of the minor chela, which is used to scoop sediment to obtain food and which is paired in females (Crane, 1975) . Claws can be autotomized, for example, to escape a predator (Bildstein et al., 1989; Zwarts and Blomert, 1990; McLain et al., 2003; Jaroensutasinee and Jaroensutasinee, 2004) . Under the control of ecdysteroids, a new claw can be regenerated on the same body side to replace the original one (Hopkins, 1982 (Hopkins, , 2001 Hopkins and Chung, 1999) . Claw loss is traumatic (Hopkins, 1982) and represents the loss of substantial prior investment as the mass of the claw can exceed one-half the mass of the rest of the body (McLain et al., 2003) . The aim of the current study is to determine if body size and relative claw size at the time of claw loss affect the size and stoutness of regenerated claws. The impetus for the current study is our observation that claw size and stoutness vary continuously among males of a given size in natural populations of the sand fiddler crab, U. pugilator.
The rate of claw loss is moderate to high, and varies much between localities within a species (Shih et al., 1999; Backwell et al., 2000) and between species sharing a habitat (Jaroensutasinee and Jaroensutasinee, 2004) . The mass and power of regenerated claws are less than those of original claws of the same length (Lailvaux et al., 2009; McLain et al., 2010) . Perhaps as a consequence, males with regenerated claws are reluctant to engage in ritualized fights and are less likely than males with original claws to win contests for possession of breeding burrows (Backwell et al., 2000; Reaney et al., 2008; Lailvaux et al., 2009; McLain et al., 2010) . Thus, males with regenerated claws may be less likely to mate (Reaney et al., 2008) even if they suffer no loss in ability to attract females to burrows via claw waving relative to males with original claws of similar length (Backwell et al., 2000; Reaney et al., 2008) .
Regenerated claws have a slender morphology (5 leptochely) relative to stoutly built and proportioned (5 brachychely) original claws. Leptochelous claws have a thinner cuticle (Reaney et al., 2008) and lack or have reduced development of teeth and tubercles (Rosenberg, 2002; Reaney et al., 2008 ) that focus claw closing force and prevent slippage during pinching (Crane, 1975) . They also have a smaller manus, which houses the closer muscle, and longer dactyl, the moving part of the pincer, which result in reduced claw height relative to length (Backwell et al., 2000; Reaney et al., 2008) . In some species, differences in manus or dactyl length as a function of claw length are sufficient to distinguish original and regenerated claws (Backwell et al., 2000) . However, the morphologies of leptochelous and brachychelous claws may broadly intergrade (Crane, 1975) , making it difficult to identify some claws as regenerated or original.
As claw proportions determine closing power and, perhaps, mating success, it is of interest to elucidate factors that influence the degree of expression of leptochely or brachychely during claw growth. For instance, with energy limitation, original claws of the sand fiddler crab, U. pugilator, may exhibit reduced development of teeth and tubercles and a more slender build with concomitantly reduced muscle mass (McLain and Pratt, 2010) . It is also of interest to determine if simple morphological indices permit the distinction of regenerated from original claws when leptochelous and brachychelous conditions are extremes of a developmental continuum.
Uca pugilator, the sand fiddler crab, occurs in Spartina alterniflora Loisel salt marshes and along the shores of estuaries and banks of tidal channels. The species occurs along the Gulf coast of Florida and on the U.S. Atlantic coast from Florida to Massachusetts. Sand fiddler crab males use the claw in ritualized contests that determine possession of breeding burrows (Salmon and Atsaides, 1968; Hyatt and Salmon, 1978; Pratt et al., 2003) and dominance among neighbors, which can influence the opportunity to wave (Pratt and McLain, 2006) . Greater claw size and stoutness is of advantage in contests (McLain et al., 2010 ; see also Jennions and Backwell, 1996; Morrell et al., 2005; Milner et al., 2008) . Males wave the claw to attract females to the breeding burrows (Pope, 2000) where mating and subsequent incubation of eggs occur (Christy, 1983 ).
In the current study, we examine the development, through four molts, of regenerated claws of U. pugilator as a function of crab and claw size when the claw was autotomized. These results are compared and contrasted with the development of original claws on crabs also reared in the laboratory through four molts. In addition, we ask if regenerated claws are relatively large when the original claws they replace were also relatively large. If so, this could indicate that male quality or condition that determines the size of sexually selected structures (Knell et al., 1999; Cotton et al., 2004; Kodric-Brown et al., 2006; Emlen, 2008) continues to be revealed in regenerated claws. We show that regenerated original claws can be reliably distinguished using statistical techniques and a simple index. We then examine the frequency of regenerated claws in over 4600 sand fiddler crabs collected at seven southeastern U.S. Atlantic field sites.
MATERIALS AND METHODS

Collection and Rearing
Small males (carapace width 5 7-8 mm) were collected from sand flats as they fed. The collection site was a marsh, adjacent to the Beaufort River (an Atlantic coast estuary) on Lady's Island, South Carolina (USA). Eighty males were kept in plastic coolers measuring 30 cm wide 3 52 cm long 3 32 cm high on the inside. Males were housed at a density of four per cooler. Initially, each cooler contained sandy marsh sediment at a depth of 15 cm at one end, sloping to 0-1 cm depth at the other end. Water from the Beaufort River was added until approximately 60% of the sediment surface was covered. Water was drained and replaced weekly. Over time, sediment accumulated where the water was deepest. Once per month the accumulating sediment was removed and replaced by new marsh sediment that was applied so as to bring the distribution of sediment back to the initial conditions. Crabs were fed 0. Once the study began crabs were sorted into coolers so that body size, body side with the claw, and claw type (original or regenerated) permitted individuals within a cooler to be distinguished from one another. Males were induced to autotomize claws by applying pressure and torque with forceps at the basis, the proximal segment of the claw-bearing major cheliped.
Seventy-three males completed four molts within a period of two years following the initiation of the experiment. Males dug burrows in the sediment but typically molted in the water. Males were measured one month after molting.
Measurements
Linear measurements were recorded to the nearest 0.1 mm with electronic digital calipers. Body size was indexed by the width of the carapace. The claw pincer is composed of two articulating elements, the propodus and the dactyl (Fig. 1) . The propodus consists of two regions, the palm-like manus that houses the closer muscle, and a thumb-like extension, the pollex. The lengths of the dactyl and propodus were measured as well as the length, height, and depth of the manus. The length of the pollex was determined by subtracting manus length from propodus length. Tooth and tubercle development was scored from 0 (none) to 3 (maximum expression) on both the pollex and dactyl (Fig. 1) . Mass was measured to the nearest mg with an electronic balance.
Field Collections
To estimate the frequency of regenerated claws, carapace width and claw measurements were also made in the field on sand fiddler crabs collected from droves (male-biased feeding groups) on down-slope sand flats and breeding burrows in up-slope mounds. Field-measured crabs (N 5 4673) were collected at 7 salt marsh sites (Fig. 2) during the breeding season (April-September) in [2002] [2003] [2004] . Sites 1-3 were on Hunting Island, SC. These were: 1) a beach bordering the estuary between Hunting and Fripp Islands, 2) a tidal channel and associated sand flat behind a beach on the Atlantic ocean, and 3) a marsh behind site 2. Site 1 is 5 km north of sites 2 and 3. Site 2 is 1 km from site 3. Sites 4-6 were on Lady's Island, SC, which is 20 km south of Hunting Island. Each site, 1-2 km from either of the others, was in a large marsh adjacent to the Beaufort River. Site 7 was a beach on the Bull River in Savannah, GA, approximately 100 km south of Lady's Island. Crabs were released at the site of collection. Claws were visually classified as leptochelous or brachychelous and as regenerated or original using a brachychely index (described below). Based on prior estimates of the density of waving males across the lunar cycle, the sites rank in population density as follows from most to least dense: site 7 . site 1 . site 6 . site 4 . site 5 . site 2 . site 3. of 37 crabs whose claws were not autotomized plus 36 crabs with original claws that were measured once before claws were autotomized. Another 144 measurements were of regenerated claws, representing 4 post-molt measures of each of the 36 crabs that regenerated claws after autotomy. Given knowledge of claw type (original or regenerated), we sought methods to reliably classify claws using claw measures and ratios of claw and body measures.
The first approach was stepwise discriminant analysis, which rejected some measures and ratios while retaining others. Scores, representing the sum of the products of retained parameters and their loadings, were produced with original claws tending toward greater positive scores and regenerated claws toward greater negative scores. Second, measures and ratios were included in a PCA with Varimax rotation. This yielded two factor scores for each claw, with regenerated claws scoring higher on factor 1 and lower on factor 2. Factor scores were then used in discriminant analysis.
Classification of claws was also made with a simple brachychely index that we have used to distinguish claws of crabs in the field. Our index, (2 + summed tubercle score)?manus length/(carapace width ? pollex length), requires only two claw measurements, and is easily calculated. Crabs with a score of , 0.26 were categorized as having regenerated claws.
The error rate at classifying claws was determined by first ranking scores generated from each discriminant analysis or our brachychely index. We then determined the number of original claws within the lowest 144 scores and the number of regenerated claws within the highest 221 scores. The sum of these is the number of classification errors.
Claw Size and Proportion
We examine how claw proportion changes with claw size among original and regenerated claws. For these analyses, the data set was subdivided into seven groups, based on propodus length, so that no crab was included more than once in a given a test.
RESULTS
Claw Stoutness
The stoutness of claws was indexed by three simple ratios relating manus dimensions to claw length: manus depth/ propodus length, manus height/propodus length, and manus length/pollex length. These ratios for original claws were compared to those for regenerated claws in 7 groups based on propodus length: 8.1-13.0 mm (N 5 48), 13.1-16. . In 19 of 21 ANOVAs, originals claws had significantly greater ratios (5 more stout) than regenerated claws (P , 0.000001 for 18 tests, P 5 0.002 for 1 test; Fig. 3 ). The two exceptions were manus depth/ propodus length for claws of length 8.1-13.00 mm (P 5 0.554) and manus height/propodus length for claws of length 25.6-28.0 mm (P 5 0.065). The slenderness of claws was indexed by the ratio of dactyl to propodus length. Across all propodus length groups, the ratio was significantly greater (5 more slender) for regenerated claws (P , 0.000001; Fig. 3 ).
The stoutness of original (N 5 37) and regenerated claws (N 5 36) decreased with claw size. Thus, the difference, ratio after molt 1 -ratio after molt 4, was significantly greater than 0 (P , 0.001) for manus depth/propodus length (paired difference t test: original, t 5 8.871; regenerated, t 5 14.092), manus height/propodus length (paired difference t test: original, t 5 13.100; regenerated, t 5 15.639), and manus length/pollex length (paired difference t test: original, t 5 13.426; regenerated, t 5 14.938). Consequently, the slenderness of claws increased between the first and fourth molts in the laboratory (paired difference t test: original, t 5 15.095; regenerated, t 5 14.992).
Effect of Initial Body Size
The development of teeth and tubercles on the pollex and dactyl, reflected in the combined score, increased with claw size. Thus, the difference, combined score after molt 4 - Fig. 2 . Collection sites on the southeastern Atlantic coast of the U.S. Fig. 3 . Ratios of manus dimensions (length, height, or depth) to measures of claw length (propodus or pollex) and ratios of dactyl to propodus length as functions of propodus length (plotted as the mean for limited, nonoverlapping ranges in length). The left-side y axis is for ratios having manus height and depth in the numerator while the right-side y axis is for ratios having manus or dactyl length in the numerator. White and black symbols (circles and squares) are for, respectively, original and regenerated claws. combined score after molt 1, was significantly greater than 0 for both original (t 5 18.315, P , 0.001) and regenerated claws (t 5 7.883, P , 0.001). Among regenerated claws, the development of teeth and tubercles was negatively correlated with initial carapace width (R 2 5 0.710, F 5 25.199, d.f. 5 1,34, P , 0.001; Fig. 4) . Also, manus height/propodus length was negatively correlated with initial carapace width (R 2 5 0.200, F 5 8.526, d.f. 5 1,34, P 5 0.006). Note that a negative correlation means that, after four molts, a regenerated claw more closely resembled an original claw when regeneration was initiated on a smaller body. None of the other ratios indexing claw stoutness or slenderness varied significantly with initial carapace width among regenerated claws (F # 2.307, P $ 0.138, d.f. 5 1,34 for all).
Relative Size of Regenerated Claws
The length of regenerated claws (propodus length) relative to carapace width after four molts was greater for males whose original claws were also longer relative to body size. Thus, there was a significant correlation between the ratios of claw length/body width before claw loss and after four molts of claw regeneration (R 2 5 0.735, F 5 75.141, d.f. 5 1,33, P , 0.001; Fig. 5 ). However, the ratios were significantly higher for smaller (carapace width , 15.25 mm) than larger males (width $ 15.25 mm) that lost claws (a posteriori analysis: F 5 70.972, d.f. 5 1,33, P , 0.001; Fig. 5 ).
Gains in Claw Length and Body Width
Across four molts, crabs retaining original claws gained significantly more in carapace width than did crabs regenerating claws (F 5 499.837, d.f. 5 1,70, P , 0.001). Here, initial carapace width did not have a significant effect (F 5 1.503, d.f. 5 1,70, P 5 0.224). In contrast, the gain in propodus length was greater for males with regenerated claws (initial length 5 0) (F 5 876.366, d.f. 5 1.70, P , 0.001). Gain in claw length decreased with initial carapace width for both groups of males (F 5 83.590, d.f. 5 1,70, P , 0.001). The gain in tooth and tubercle score was greater for males with original claws (F 5 88.165, d.f. 5 1,70, P , 0.001) and, among these males, did not vary with initial carapace width (F 5 1.106, d.f. 5 1,70, P 5 0.278).
Mass Gain
Over four molts, males retaining their original claws gained significantly more in mass (2061.8 mg, SD 5 259.0, N 5 37) than did males regenerating claws (1999.4 mg, SD 5 241.5, N 5 36; male type: F 5 227.604; covariate, initial carapace width, F 5 63.118; d.f. 5 1,70, P , 0.001 for both). However, much of the difference was due to the first molt, when males regenerating a claw gained on average only 114.3 mg (SD 5 36.1) while males with original claws gained an average of 384.3 (SD 5 69.3) (F 5 623.572, d.f. 5 1,70, P , 0.001; Fig. 6 ). In fact, when controlling body size, males regenerating claws gained significantly more mass than males with original claws after molts 2 (515.9 mg versus 456.7 mg; F 5 6.590, d.f. 5 1,70, P 5 0.012) and 3 (719.3 mg versus 575.3 mg; F 5 36.424, d.f. 5 1,70, P , 0.001) and as much as males with original claws after molt 4 (645.1 mg versus 649.8 mg; F 5 1.037, d.f. 5 1,70, P 5 0.312). The mass added at each molt was positively correlated with the prior carapace width (effect for covariate: F . 28.6, d.f. 5 1,70, P , 0.001).
Discriminant Analysis
With PCA, eleven parameters were reduced to two factors that captured 90.14% of the variation in the parameters. The parameters and their rotated loadings (factor 1, factor Thus, the error rate was 40/365 5 11.0%. With stepwise discriminant analysis, the set of parameters that best contributed to classifying laboratory-reared regenerated and original claws and their loadings was: 1) tooth and tubercle score (0.664), 2) propodus length/carapace width (3.425), 3) manus length/pollex length (27.461), and 4) dactyl length/propodus length (275.815) [ Table 1 ]. Adding in the constant (5 53.531), the resulting mean scores with the discriminant function were 22.357 (SD 5 1.004) for regenerated claws and 1.536 (SD 5 1.195) for original claws. The lowest 144 scores included 7 that were original claws. Thus, the error rate was 14/365 5 3.8%.
The brachychely index, (tooth and tubercle score + 2)?(manus length)/(carapace width ? pollex length), incorporated most parameters retained in the stepwise discriminant analysis. The mean indexes for regenerated and original claws were, respectively, and 0.161 (SD 5 0.051) and 0.370 (SD 5 0.081), with most regenerated claws having scores below 0.26 (Fig. 7) . The error rate associated with the brachychely index was 12/365 5 3.3%.
Field Frequency of Regenerated Claws
An average of 667.6 males (SD 5 319.8) were collected at each of seven field sites in southern South Carolina and northern Georgia. Claws of collected males were visually typed as leptochelous or brachychelous and then measured to permit calculation of the brachychely index. The mean index was 0.147 (SD 5 0.061, N 5 1098) for leptochelous claws and was 0.412 (SD 5 0.091, N 5 3575) for brachychelous claws. The frequency of claws across all sites with a brachychely index of less than 0.26, and, therefore, categorized as regenerated on that basis (see above), was 21.6% (N 5 1009 of 4673), but varied among sites from 14.2-32.5% (Fig. 8) . The three sites with the highest ranks in population density had the three highest ranks in proportion of regenerated claws. Also, the three sites with the lowest ranks in population density had the three lowest ranks in proportion of regenerated claws (r s 5 0.893, d.f. 5 5, t 5 4.437, P 5 0.007).
DISCUSSION
Claw Stoutness
On average, original claws are stouter, having greater manus dimensions relative to claw length, than regenerated claws, while regenerated claws are more slender, having longer dactyls relative to claw length. These differences likely result in original claws having greater closing force (Lailvaux et al., 2009) , as observed in U. pugilator (McLain et al., 2010) . Closing force is the product of the closer muscle cross-section and mechanical efficiency Fig. 6 . Gain in body plus claw mass after molt 1 and after molts 2, 3, and 4 as a function of prior (i.e., pre-molt) carapace width for laboratory reared crabs with original and regenerated claws. ( Clausen et al., 2008) . Manus dimensions correlate with the closer muscle cross-section, while dactyl length is inversely proportional to mechanical efficiency (McLain et al., 2003) . A consequence of weaker closing force may be that fiddler crabs with regenerated claws are reluctant to escalate contests to the use of pinching elements (McLain et al., 2010) . Therefore, these males would be less likely to win against males with original claws for control of breeding burrows (McLain et al., 2010) .
Regenerated claws gain mass slowly (Hopkins, 1982) and are less massive than original claws (McLain et al., 2010) . They are probably less expensive to produce and maintain (Allen and Levinton, 2007) . If less costly claws can be regenerated more quickly, males may be selected to produce a slender, less massive, less costly regenerated claw. This strategy could be favored if regenerated claws are effective for courtship signaling (Backwell et al., 2000; Reaney et al., 2008) and if high mortality rates among large adults (Cammen et al., 1984 ) put a premium on breeding sooner rather than later.
Increased Slenderness with Greater Length
The slenderness of both original and regenerated claws increases as claw length increases, causing mechanical advantage to decline and closing force to increase at less than isometric rates. This ''paradox of the weakening combatant'' (Levinton and Allen, 2005) may reveal that claw closing speed, which is inversely proportional to mechanical efficiency, is advantageous in contests. Alternatively, stouter claws may be favored when crabs are small if smaller crabs must fight larger crabs to obtain burrows, and, therefore, require relatively powerful weapons (Backwell et al., 2000) . However, smaller sand fiddler crabs rarely engage larger residents in attempts to secure a burrow (Pratt et al., 2003) .
Greater slenderness may reveal the advantage of a longer claw for more effective signaling (Reaney et al., 2008) , especially once claw power ranks high enough to secure a quality burrow. Selection on male signaling may be intense because the operational sex ratio in breeding areas can be highly skewed toward males, e.g., 45:1 (Reading and Backwell, 2007) . Experiments indicate that longer claws attract females more effectively (Oliveira and Custodio, 1998; Murai and Backwell, 2006; McLain and Pratt, 2007; Reaney et al., 2007) . However, tubercles that focus closing force and teeth that enhance claw gripping (Crane, 1975) become more developed on the pollex and dactyl as claw length increases. This indicates selection for fighting ability as claws grow and suggests that claw morphology is a compromise in response to pressures for effective signaling and combat. The reduced development of teeth and tubercles on regenerated claws is associated with reduced power of these claws (McLain et al., 2010) . Thus, regenerated claws appear less designed for fighting than original claws, which is consistent with the reluctance of males with regenerating claws to engage rivals with claw pinching maneuvers (McLain et al., 2010; Milner et al., 2008) .
Effects of Body Size and Prior Claw Size
Males regenerating claws at smaller body sizes gained more in claw length relative to body size and more in tooth and tubercle development than did males losing claws at larger body sizes. Also, regenerated claws were stouter with respect to manus height when regenerated at smaller initial body sizes. This suggests that aspects of claw development may be age-dependent or molt-dependent. Thus, claw loss at very large body sizes may result in especially slender, and possibly shorter, claws throughout regeneration. The effect of body size will result in regenerated claws that are difficult to distinguish from original claws when regeneration begins at small body sizes.
Greater size of sexually selected weapons, which are costly to produce or maintain (Knell et al., 1999; Cotton et al., 2004; Kodric-Brown et al., 2006; Emlen, 2008) , reveals male quality in terms of greater vigor, access to resources, or, perhaps, resistance to energy-depleting infections. Thus, the quality of fiddler crab males may be revealed by claw size (Pratt and McLain, 2002 ; see also Knell et al., 1999; Cotton et al., 2004) . Consequently, the production of relatively long, but slender and weak, regenerated claws may represent dishonest signaling of male quality (Backwell et al., 2000) . However, the length of regenerated claws relative to body size after four molts is strongly correlated with relative claw length prior to claw loss. This indicates that male quality, revealed before claw loss, is preserved, in part at least, after claw loss and continues to be reflected in the size of regenerated claws. Thus, females opting to mate with males with regenerated claws (Backwell et al., 2000; Milner et al., 2008 ) may continue to exercise choice for high quality males.
Gains in Mass
On average, males regenerating a claw grew little in carapace width and gained little in body mass with the first molt after claw loss relative to molting males with original claws. The reduced gain in mass may represent the allocation of energy to manage physiological stresses incurred with the trauma of claw loss (Hopkins, 1982) . Alternatively, males molted sooner after claw loss (many within 2 months; most within 3 months) than they would have without claw loss (most not molting until after 3-4 months). In rushing to molt, males may sacrifice early gains in body size, and mass gained, to accelerate redevelopment of the claw. However, the gains in mass for males regenerating claws were greater than for males with original claws after the second and third molts, controlling for carapace size and, therefore, potential feeding rates. The difference between groups may reflect the high metabolic costs of claw muscle tissue (Allen and Levinton, 2007) , which will be greater for males with larger, stouter original claws.
Identification and Frequency of Regenerated Claws
PCA, stepwise discriminant analysis, and our brachychely index are efficient at distinguishing between original and regenerated claws on crabs reared in the laboratory. However, errors in identification occurred based on the ranking of scores. Typically, regenerated claws ranked higher than the lowest 144 scores (5 number of measured claws 3 molts) when teeth and tubercles developed on claws that initiated regeneration on crabs of small body size. Original claws ranked in the lowest 144 scores when teeth and tubercle development was lower than average on long claws and when claw length was especially long at small carapace widths, e.g., , 15 mm. In the latter case, unusually long claws were slender with respect to manus dimensions.
In the field, the quality of males, defined by ability to invest energy in claw growth, may vary as a consequence of variation in male health, environmental stresses, and access to food (McLain and Pratt, 2010) . Males of lower quality may produce original claws that are more slender or that have reduced development of teeth and tubercles. Thus, the original claws of low quality males may be difficult to distinguish from some regenerated claws. Consequently, the frequencies of regenerated claws in natural habitats may be difficult to estimate precisely.
In some other fiddler crab species, the frequency of regenerated claws may approach or exceed 50% (Shih et al., 1999; Backwell et al., 2000; Jaroensutasinee and Jaroensutasinee, 2004) . We found that the frequency of regenerated claws in southeastern USA populations of U. pugilator varies by almost 50% among geographically proximate sites but is relatively low, less than 33%. Frequency differences between species may reflect the willingness of males to cast claws as a predator escape mechanism (Montague, 1980; Zwarts and Blomert, 1990) . Within a species, habitat differences in the nature and abundance of predators that cause claw loss may contribute to variation in the frequency of regenerated claws. Across seven sites that included beach and marsh habitat, regenerated claws in sand fiddler crabs were most common in beach habitat with high population density. High crab density may attract more predators (McLain et al., 2005) , resulting in greater rates of claw loss (McLain et al., 2003) . Also, higher densities may result in higher contest rates between males with concomitantly greater rates of claw loss. In beach habitat, males engage in courtship and contests across the lunar cycle rather than just around spring tides (McLain and Pratt, 2010) . This may also result in greater rates of claw loss and subsequent regeneration.
Conclusion
Fitness consequences of claw loss are poorly understood and may exert pressure on regeneration patterns as our laboratory study suggests. However, claw regeneration in the laboratory may not mirror that in the wild because the abundance and quality of laboratory food may be high relative to that in the field where limitations in food availability restrict breeding efforts (Jennions and Backwell, 1998; Kim and Choe, 2003; Sakomoto and Henmi, 2008) and increase physiological stresses (Genomi, 1985) . Yet, the average brachychely index was similar for labreared and field-collected sand fiddler crabs with brachychelous and leptochelous claws. Thus, we are confident that our results reveal that regeneration patterns are variable and dependent, at the time of claw loss, on body size and male quality, as reflected in claw: body size ratios. These effects on regeneration patterns in conjunction with variation in access to food within a locality (McLain and Pratt, 2010) may result in original and regenerated claws with morphologies that grade into one another. We predict that brachychelous claws will be regenerated when claws have a greater role in combat than intersexual signaling, as may be the case in some species that, unlike the sand fiddler crab, mate on the surface (Murai et al., 1996) . It will be of interest to determine if species that lose claws more readily regenerate claws with a greater expression of leptochely. 
